Current attempts to render touch in multimedia technology still represents a challenge. Touch is indeed a complex system and there are many aspects to take into account when trying to rendering it (e.g. the compliance of an object, its weight, orientation, geometric properties and forces on the skin). This is especially true for VR, where touch is an important factor to achieve the embodiment in virtual environments. Recently, new tactile technology has been developed: the mid-air devices, capable of delivering tactile feedback without entering in contact with the skin. One of the contributions of the doctoral research described in this paper is to overcome design challenges and create immersive experiences by applying psychological principles and paradigms, exploiting the advantages of the mid-air technology. We designed possible embodied interaction scenarios in mid-air and physical touch. Findings from these research point to opportunities for designing new immersive experiences. Future work will involve different parts of the body and different tactile properties (e.g. thermal stimulation).
. Designing embodied experiences in VR.
the user with an additional information channel in the interaction with devices, products, and services (e.g. Oculus and HTC Touch Controllers, Apple Touch). Most recently, mid-air haptics technology (i.e., devices that enable the creation of contactless tactile feedback in mid-air) represents an exciting new approach to convey tactile feedback to users.
While various mid-air devices are becoming available on the consumer market, the ones that employ focalized ultrasounds to deliver a tactile feedback on the users' bare hands, are the most promising. The ultrasound technology has a greater temporal and spatial resolution (1cm [13] ) compared to vortex based and compressed air systems, it allows to design complex patterns (static and dynamic) [13] , and it is also safer than, for instance, laser-based approaches. Advantages of mid-air technology compared to other touch interfaces is that they allow users to interact without any physical attachment to the body and they can provide fast changing tactile patterns. In the realm of HCI and interaction design, we can exploit these advantages to create new scenarios, especially relevant in the design of VR experiences. The current challenge in VR is to make experiences and interactions more realistic and immersive. However, current efforts to go beyond audio-visual stimulation, involving the sense of touch, are limited due to the challenge of rendering tactile sensations in a compelling way.
The ambition of this Ph.D. project is to contribute to the challenge of creating convincing and immersive embodied experiences through tactile stimulation. We are particularly interested in the systematic investigation of mid-air tactile stimulation to created embodied experiences. Defining the embodiment is not straightforward as one would hope [8, 14] . Carruthers [6] defines the sense of embodiment as an offline representation of the body; what we usually think of as our body, opposed to what our body looks like moment by moment.
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The sense of embodiment mainly consists of two components: 1) the feeling of being distinct from other objects and people [5] ; 2) the fact that everyone experiences the world in the first-person perspective. A human being is a fusion between the mind and the body, and this is located in an environment, that is also social and with whom it acts and interacts [4] . The embodiment is telling us what is to be considered self-related and what it is the external world. In essence, the sense of embodiment can be defined as the system that makes us distinguish ourselves from the rest (the world, the other people); it is the perception of our physical boundaries.
RESEARCH OBJECTIVES AND QUESTIONS
Mid-air devices are relatively new and an unexploited design space. There are still various unanswered questions and challenges on how mid-air stimulation can be used to create new experiences. This Ph.D. aims to contribute to this emerging field and understanding of mid-air technology in HCI through increasing the understanding of such technology for experience design especially in the context of a users' sense of embodiment when interacting within a virtual environment.
The main objectives are:
1. Explore the users' body sensitivity to ultrasound stimulation.
Where can people perceive mid-air stimulation?
2. Apply psychological paradigms to test the occurrence of bodily illusions in real and virtual environments. How well does mid-air touch work in relation to physical touch creating embodied experiences?
3. Design specific application scenarios integrating tactile stimulation with other sensory stimuli (vision and sound) to create interactive embodied experiences, especially in VR. How will the brain integrate different sensory stimuli?
METHOD AND PRELIMINARY RESULTS
In order to address the above research challenges and objectives, we draw upon well-established principles and paradigms in psychology such as the rubber hand illusion [3] , the body transfer illusion [16] , or the out of body experiences [2] . These paradigms are being studied by means of physical touch and it is not clear if mid-air technology is capable of delivering the same percept. Therefore, we think that exploiting specific psychological paradigms in combination with mid-air touch in comparison to physical touch could provide novel insights and advancement for designing immersive and embodied interaction experiences in HCI.
More specifically, to address objective 1 we use principles of psychophysics methodology. The psychophysics studies the minimum quantity of stimulus needed for a human to recognize, feel, the stimulus. The main techniques are the method of constant stimuli, the staircase procedure and the method of limits [11] . The most indicative measurements in psychophysics are usually the detection thresholds and the just noticeable difference JND [10] . The first measure provides researchers with the minimum stimulus intensity a human (or animal) can detect, the second one, is the smallest change in a stimulus which a person can detect 50% of the time. These thresholds are known to vary depending on the area of stimulation [18] . Therefore, knowing these psychophysical parameters allows us to design optimal systems in tune with our perception ability. Preliminary results: not the entire surface of the body skin is sensitive to mid-air stimulation. We believe that the main explanation dwells in the lacking of Pacinian corpuscles. We explore the body starting from the arm and the hand. The main results are illustrated in Figure 2 . Moreover, to address objective 2 we employed a typical paradigm used for the study of embodiment and to demonstrate the plasticity of our body schema: the rubber hand illusion (RHI) [3] . The subject sits with the real hand covered and out of the sight, while a rubber hand is located in front of him/her. By stroking the fake hand synchronized with the real one, it is possible to induce the illusion that the fake hand is actually the real one. Preliminary results: we replicated the RHI paradigm in VR employing mid-air touch. Classically the experiment consists of two conditions: one synchronous stimulation and one asynchronous stimulation where the illusion is broken. We added another condition: incongruent but with multiple stimuli to investigate if the same illusion could be achieved. We illustrated that it is possible to create the illusion mediated by mid-air touch and that the illusion can be reached even in an incongruent condition.
Finally, to address objective 3, we investigated the visualtactile integration in a virtual environment. In the realm of psychology's constructs, tactile illusions appear to be another tool we can potentially use in our research. Hence, we exploited the apparent tactile movement illusion. Two actuators are activated and the stimulus-onset asynchrony (SOA) is modulated so that the user will perceive a feeling of movement between the two sites of stimulation. Only when the SOA is optimal the two vibrations appear as a continuous movement. Preliminary results: We explored the tactile illusion of movement between the two hands. We calculated the optimal onset time between the two actuators. We then observed the different time perception when tactile and visual cues are integrated.
PLANNED ACTIVITIES
I will deepen the illusion of movement in mid-air and I will implement thermal stimuli in my future studies.
We believe that the outcomes of our research could be useful for scientists and designers who want to create new embodied experiences to an always more demanding public.
